two magnetization processes including magnetic moments rotation and magnetic metastable 6 phase transition.
[23] The magnetization is observed to saturate when the applied magnetic field 7 is larger than about 0.5 T. The saturation magnetization of the C-doped ZnO sample is about 8 5-6 times larger that in undoped ZnO nanoparticles reported previously. [25] The 9 thermomagnetic (M-T) curve shown inset in Fig. 1 demonstrates two phase transition Curie 10 temperatures, T C , in the at temperature ranges of 780-800 K and 860-880 K respectively. 11
These likely correspond to two different ferromagnetic phases in the sample with different 12 exchange energies. The presence of more than one ferromagnetic phases in these materials 13 may explain why previous reports have found different values for the Curie points in similar 14 materials. [26, 27] It could also be assumed that such two magnetic phases belong separately to 15 the two types of ZnO nanocrystal morphology. As the discussion in previous work ref. [23] , the 16 original mechanism of ferromagnetism of C-doped ZnO presumably comes from two causes: 17 the defects of the ZnO crystalline structure and the substitution of C atoms at O sites in ZnO 18
Wurtzite crystalline structure to create Zn-C bonding. The studies of morphology, crystalline 1 structure and the doping of C into ZnO crystalline lattices will provide more information on 2 the mechanism of ferromagnetic properties in the ZnO material systems. Based on high 3 resolution transmission electron microscopy (HRTEM, EFTEM) imaging as well as electron 4 diffraction and energy dispersive X-ray spectroscopy (EDS) mapping, the studied results are 5 discussed in detail in the following. 6
The bright-field (BF) TEM images of the C-doped ZnO nanoparticles ( Figure 2a 
7
In order to probe the local disorder of the C-doped ZnO nanoparticles a pair distribution 8 function (PDF) analysis was performed on the SAED data to quantify the bond lengths 9 between atoms. To achieve this a total scattering intensity profile of the diffraction pattern 10 was first obtained from the SAED image by rotationally averaging. The PDF can then be 11 derived using SUePDF software based on kinematical electron scattering theory as well as the 12 total scattering methodology. [29] The PDFs reconstructed after Fourier transformation are 13 normalised with respect to number density, nanoparticle form factor and with the requirement 14 of non-negativity of the probability density. original Wurtzite structure calculated from ZnO single crystal data. [30] 3 4 Bond lengths in the material can be inferred from the position peaks in the PDF [29, 31] Fig. 4  5 illustrates the PDF for our C-doped ZnO nanoparticles compared with pure Wurtzite ZnO 6 calculated from a ZnO single crystal model. [30] The PDF of the C-doped ZnO nanoparticles 7
showspeaks that can be associated with Zn-O bonding (@ 2.01 Å), and with Zn-Zn or O-O 8 bonding (@ 3.22 Å) in the Wurtzite structure. A small increase is observed for the Zn-O bond 9 length in our C-doped ZnO PDF (2.01 Å) compared to that of the single crystal Wurtzite ZnO 10 structure (1.98 Å), most likely due to a slight difference in the lattice parameters of the two 11 materials. This is consistent with previous reports where Zn-O bond lengths in ZnO 12 nanoparticles varied from 1.96 Å to 2.06 Å depending on particle size and doping [32] . 13
Importantly the PDF of the C-doped ZnO, also shows new peaks at 1.42 Å and 2.58 Å. 14 The peak at 1.42 Å is a good match to the C-C intraplanar bond length in graphene and is 15 likely associated with carbon on the surface of the particle. [33] However the peak at 2.58 Å is 16 believed to be due to the presence of Zn-C bonds in the material. An X-ray diffraction study 1 by Ruccolo et al. indicated that Zn-C bond lengths vary between 2.17 and 2.68 Å depending 2 on the compounds.
[34] Zhanpeisov et al. theoretically found a bond length of 2.381 Å for Zn-C 3 bonding on the surface of ZnO adsorped with carbon monoxide. [35] In addition, Sharma and 4
Singh theoretically predicted that when C atoms were doped into ZnO clusters, interstitial C 5 atoms showed a preference to bond with Zn atoms with a bond length between 2.2-2.5 Å. [36] . 6
The relatively high bond length found for Zn-C (within the predicted range) suggests that C 7 atoms are substituting into O lattice sites in the ZnO Wurtzite crystal rather than being 8 associated with the surface. This is in agreement with experimental results from XPS analysis 9 reported by Pan et al. [26] 10 According to Nayak and co-workers, [13] although substitution of C for O is less is 11 energetically favourable that that for Zn, it could be stabilized under specific growth 12 conditions (O e.g. poor and C rich growth condition) which are similar to those used to 13 synthesis our nanoparticles. Furthermore, they predict that C substituted into O vacancies 14 would be associated with a localized magnetic moment of 2 μ B /atom (C).
[13] This is because 15 when the carbon atom is substitutes for the O site in the ZnO lattice, it has a zinc atom as the 16 first nearest neighbour and an oxygen atom as the second nearest neighbour, and as a result, 17 magnetism would result from ZnC, Zn 2 C, Zn 2 OC, and Zn 2 C 2 clusters. [10] It should be noted 18 that the exchange energy is sensitive to the dimensionality of the clusters and it is believed to 19 be highest for three-dimensional clusters. Sharma et al. [36] found that the eigenvalues for 2p 20 orbitals of C atoms and 4s orbitals of Zn atoms were relatively close to each other for spin up-21 states, whereas the spin down eigenvalue of the C atoms' 2p orbital was significantly higher 22 than the Zn4s. The s-p hybridization formed by C2p and Zn4s orbitals, as well as the splitting 23 of the up and down energy levels exists for all the C-doped ZnO systems result in the 24 formation of a magnetic moment localized on the carbon atoms due to the doubly degenerate 25 11 pure p states.
[36] Experimental work based on XPS and Auger spectroscopy by Li et al.
[37] on 1 C-doped ZnO films also supported the proposed s-p hybridization. 2
In addition, Pan et al. [26] have predicted that substitution of C atoms at O sites in ZnO 3 crystals created holes in the O2p states coupling with the parent C2p localized spins by a p-p 4 interaction which was similar to p-d hybridization in TM-doped semiconductors or oxides. 5
Such a p-p interaction resulted in the appearance of additional mixed band levels originating 6 from the valence band. The O2p -C2p coupling was believed to push the minority p-p mixed 7 state upward and the opposite spin state downward causing a reduction in the total energy of 8 the system. The wave function of the C2p states was found to extend spatially to neighbouring 9
O2p states, and couple to these. Therefore, holes reportedly aligned the spin of parent C atoms 10 to cause an indirect ferromagnetic coupling of C atoms. Interestingly, the p-p interaction is 11 relatively long range, [38, 39] which explains the strong ferromagnetism behaviour in ZnO 12 induced even at low doping concentrations. An anomalous Hall effect measurement 13 conducted on C-doped ZnO nanoneedles by Herng et al. [14] experimentally supported this 14 hypothesis by demonstrating the role of p-type conduction (locallised holes) in the 15 magnetotransport properties of the material. These theoretical calculations and our new 16 experimental evidence of Zn-C bonding supports the proposed mechanism of ferromagnetism 17 in non-TM doped ZnO nanostructures in which hybridization of p-p (O2p-C2p interaction) 18 and s-p (Zn4s-C2p) orbitals play a crucial role to produce long range ferromagnetic behaviour. 19
In fact, the Zn-C bonding was qualitatively confirmed in our previous study using XPS 20 analysis which is sensitive to the surface effect but could not be detected by refinement of X-21 ray diffraction. It suggests that the C occupation in the ZnO structure only occurs on the 22 surface of ZnO nanoparticles. This proposal could be clarifed by elemental mapping using 23 STEM-EDS presented in the following paragraph. of carbon through the edge of the crystalline core is plotted in Fig. 5(f) . It could be seen that 10 the concentration of carbon goes through a maximum peak within a thickness of 2-3 nm [ Fig.  11 5(f)] to prove the above assumption that carbon doping only occcurs in a certain depth on the 12 surface of the ZnO crystal. Although this variation could be seen in the EDS line distribution 13 such a variation is weak to observe on the elemental map. It could also somehow seen in the 14 HRTEM image a thin crystalline layer (visible as lattice fringes in the HRTEM image -15 Supporting information, S2) with brighter contrast arised from lower-weight atoms than the 1 inner atomic column. 2
It is worth noting that this effect only occurs on the surface of the nanoparticles at a few-3 nanometre depth thus it could be hardly detectable using macroscopic measurements such as 4 X-ray diffraction or magnetometric measurement. XPS is a suface-sensitive technique [40] to 5 detect this effect but quantitative measurement of bond length using XPS would be a 6 challenge. Therefore, it is emphasized that extraction of chemical bond length by obtaining 7 the PDF from TEM diffraction data could be considered a simple but superior quantitative 8 approach. 
12
EFTEM elemental mapping of a single nanoparticle reveals that the amorphous shell is 13 enriched in carbon compared to the crystalline core, although small quantities of both Zn and 14 O are found to be associated with the shell (Fig. 6 ). This compositional analysis is confirmed 15 by STEM-EDS elemental mapping presented in Supporting Information (S3). We hypothesise 16 that the Zn-O-C amorphous shell formed on the nanoparticle surface during high temperature 17 heat treatment. The amorphous shell may play a role in the optical properties (e.g. 18 photoluminescence) [41] but, to the best of our knowledge, an amorphous surface structure such 19 as this is not able to create the observed ferromagnetic behaviour we observe.Thus we predict 20 that C atoms are able to diffuse into the crystalline core from the shell and substitute for the O 21 to form C-doped ZnO. Therefore, further understanding the role of carbon would be needed 22
